ABSTRACT: Various polyclonal and monoclonal antibodies have been developed for vitellogenin (Vtg) bioassays in different aquatic species. Preparation of these reagents is time-consuming and expensive. In the present study, a phage-displayed, recombinant, single-chain variable fragment (scFv) format antibody library was constructed using splenic mRNA from non-immunized mice. After 3 rounds of panning, 3 scFv antibodies with specificity for the highly conserved N-terminal region of cyprinid fish Vtg were isolated. One of these, antibody H4, bound purified Vtg from common carp Cyprinus carpio, zebrafish Danio rerio and Chinese rare minnow Gobiocypris rarus with similar affinities and detected Vtg in zebrafish plasma samples. This study provides a simple, low cost Vtg bioassay for plasma samples from a variety of cyprinid fish. 
INTRODUCTION
A wide variety of endocrine disrupting compounds (EDCs), potentially capable of disrupting development and reproduction in humans and wildlife, are present in the aquatic environment (Colborn et al. 1996) . This has attracted international attention for several decades and a number of methods for detecting EDCs have been developed and validated (Muncke & Eggen 2006) .
In female oviparous animals, vitellogenin (Vtg), the phospholipoglycoprotein precursor to the major egg yolk protein, is synthesized in the liver in response to endogenous estrogen (Wallace 1985 , Specker & Sullivan 1994 . In teleost fish, while Vtg is generally present in minute quantities in males or juvenile females (usually ng ml -1 , occasionally up to a few µg ml -1 ) (Copeland et al. 1986 ), its synthesis can be induced by exposure to estrogen or estrogen mimics. Thus, the presence of Vtg in male or juvenile female fish has become a popular biomarker for measuring exposure of oviparous animals to estrogen or estrogen mimics (Sumpter & Jobling 1995 , Holbech et al. 2001 , Panter et al. 2002 , Darain et al. 2004 , Muncke & Eggen 2006 . In the Organisation for Economic Cooperation and Development (OECD) Guidelines for the Testing of Chemicals (TGs) 229 and 230 (OECD 2009a,b) , the identification of Vtg induction has become an obligatory component.
Various kinds of immunoassay techniques have been developed to measure Vtg, such as radioimmunoassay (RIA) (Tyler & Sumpter 1990) , simultaneous chemiluminescent immunoassay (CLIA) (Fukada et al. 2003) , optical immunosensor (Bulukin et al. 2007 ), enzymelinked immunoassay (ELISA), immunodiffusion, and alkali-labile phosphate (Pereira et al. 1992) . Among these, ELISA is the most popular tool. In the last decade, different ELISAs have been developed for Vtg detection in various fish species, such as fathead minnow Pimephales promelas (Mylchreest et al. 2003 , Eidem et al. 2006 , zebrafish Danio rerio (Fenske et al. 2001 , Brion et al. 2002 , carp Cyprinus carpio (Fukada et al. 2003) , crucian carp Carassius auratus , golden grey mullet Liza aurata (Asturiano et al. 2005) , perch Perca fluviatilis (Hennies et al. 2003) , Chinese rare minnow Gobiocypris rarus (Zhong et al. 2004) , and Japanese medaka Oryzias latipes (Nilsen et al. 2004) .
Cyprinid fish are widely distributed and have been shown to act as excellent sentinel species for endocrine influences in surface waters (Folmar et al. 1996 , Jobling et al. 1998 . The Vtg molecule, including the N-terminal region, is highly conserved within the cyprinid family , Heppell et al. 1995 . Based on this, polyclonal and monoclonal antibodies have been developed that have specificity for Vtg from a wide variety of cyprinid fish (Tyler & Sumpter 1990 , Tyler et al. 1996 and even from 4 vertebrate classes (fish, amphibians, reptiles, and birds) (Heppell et al. 1995) . These antibodies have been used in many applications. However, preparation of the polyclonal and monoclonal antibodies is time-consuming and rigorously controlled conditions are required (for eukaryotic cell culture or animal immunization). Development of a low-cost and sensitive Vtg detection method would be of great importance for meeting current requirements.
Phage-display technology enables the production in Escherichia coli of large amounts of recombinant antibodies, including the single-chain variable fragment (scFv) format (Hoogenboom et al. 1998 ). These antibodies can be developed quickly and cheaply from phage-display antibody libraries, often without the need to immunize animals. Phage-display technology has not been used so far to develop antibodies for Vtg detection. The aim of this study was to produce scFv antibodies by phage display for Vtg bioassays for different cyprinid species. The resulting antibodies allow low-cost detection of Vtg in plasma samples from cyprinid fish and serve as the basis for further development of a universal detection method for Vtg from different cyprinid fish to monitor exposure to estrogen mimics in the aquatic environment.
MATERIALS AND METHODS
Experimental animals. Adult male zebrafish Danio rerio, Chinese rare minnow Gobiocypris rarus, common carp Cyprinus carpio and crucian carp Carassius auratus were bred and maintained in the laboratory. Purified Vtg from common carp, zebrafish and rare minnow and rabbit antiserum against Vtg of zebrafish were provided by T. Liao (Liao et al. 2006) . Hormone treatment and blood sampling. Groups of 20 adult male zebrafish (average body mass 318 ± 128 mg, n = 160) were distributed into 8 aquaria (10 l each). Each group of fish was acclimated for 1 wk prior to use. Fish were maintained in a 14:10 h light:dark cycle at 22 to 25°C and fed earthworms once per day. Groups of fish were exposed for 7 d to 17α-ethynylestradiol (EE2, Sigma) at 0, 2, 4, 8, 16, 32, 64 or 128 ng l -1 from a stock solution of 1 g l -1 EE2 in dimethyl sulphoxide (DMSO, Sigma). DMSO only was added to the control group. The final DMSO concentration was < 0.01% by volume in all cases. After exposure, fish were weighed and blood was collected as described by Liao et al. (2006) . Sera were stored at -80°C. Plasma protein was measured by the Bradford method (Harlow & Lane 1999) .
Cloning, expression and product purification of Vtg conserved region. Vtg amino acid sequences of several cyprinid fish were aligned using DNAStar and a conserved N-terminal region of 152 residues (named VI) was identified (Fig. 1 ). This region, spanning residues 6 to 157 of the zebrafish protein Vtg (Z-Vtg), was 91.4% identical in Chinese rare minnow Vtg (R-Vtg), 92.8% in fathead minnow Vtg (F-Vtg), 88.8% in common carp Vtg (C-Vtg), and 87.4% in crucian carp Vtg (G-Vtg). The conserved primary structure of this region of the protein indicated that it was a potential target for anti-Vtg antibodies for cyprinid fish species in general.
Poly(A)+ RNA purified from livers of 10 adult female zebrafish that were exposed to 100 ng l -1 EE2 for 7 d was reverse transcribed in vitro using random hexamers and a First Strand cDNA Synthesis Kit (Promega). A VI cDNA sequence was amplified by PCR using primers VI-P1 and VI-P2 (5'-CCG GAA TTC CTT GCC TTG ACT GTA GCC C-3' and 5'-CCG CTC GAG TTC CAG CCT CTT GCA TCT C-3', respectively; Eco RI and Xho I restriction sites are underlined). PCR conditions were 94°C for 5 min, 30 cycles of denaturation for 45 s at 94°C, annealing for 30 s at 54°C and extension for 1 min at 72°C, followed by a final extension for 5 min at 72°C. After digestion with Eco RI and Xho I, the VI sequence was cloned into expression vector pET32a as an in-frame fusion with thioredoxin, His, and Sprotein tags (referred to as 32a-VI), and into pET-28a as a fusion with His and T7 tags (28a-VI). The correct recombinant plasmids were identified by PCR and confirmed by DNA sequencing. The recombinant proteins, 32a-VI (~34 kDa) and 28a-VI (~24.5 kDa) were biosynthesized in Escherichia coli origami (ED3) cells as described in the pET system manual (Novagen) and purified with His-Bind Resin (Novagen). The recombinant proteins were detected by SDS-PAGE and western blotting.
Phage-display scFv antibody library construction. Spleenic poly(A)+ RNA from 100 non-immunized 6 wk old female BAL b/c mice was reverse transcribed in vitro using random hexamers and a First Strand cDNA Synthesis Kit (Promega). V H and V L regions were amplified from the cDNA, assembled with a flexible linker coding region and ligated into a phagemid vector, pCANTAB 5E (Pharmacia), as described by Barbas et al. (2001) . Escherichia coli NM522 cells were transformed by electroporation with the ligation products. Recombinant phage were rescued by superinfection with M13K07 helper phage.
Subtractive panning of phage and production of soluble scFv antibodies against VI fragment. Phage with binding specificity for the recombinant Vtg protein 32a-VI were selected by a subtractive panning approach. Nunc immunotest tubes (Inter Med) were coated overnight at 4°C with purified 32a-VI protein (100 µg in 5 ml), or with a crude extract (5 ml) from cells carrying the empty pET-32a vector, then blocked for 1 h at 37°C with 4% PBSM (4% skim milk in PBS). A suspension of rescued recombinant phage (2.5 µl plus 2.5 µl 10% PBSM) was added to the crude extractcoated tube. After 1 h at 37°C, the supernatant containing unbound phage was transferred to the purified 32a-VI protein-coated tube. After 1 h at 37°C, the supernatant was discarded and the tube was rinsed 20 times with PBST (PBS containing 0.1% Tween 20) and 20 times with PBS. Bound phage were eluted from the tube with 1 ml 100 mM triethylamine. After transfer to a new tube, the solution was neutralized by addition of 0.5 ml, 1 M Tris-HCl (pH 7.5), 0.5 ml 10% PBSM was added and the resulting 2 ml suspension of phage were transferred to a new crude extract-coated tube and incubated for 20 min at 37°C. The unbound phage were mixed with Escherichia coli TG1 cells and spread Dash indicates an introduced gap on SOBAG plates (Amersham Biosciences Expression Module), which were incubated overnight at 30°C. Three rounds of panning were conducted in this manner. Similarly, phage were selected with binding specificity for the recombinant Vtg protein 28a-VI. Soluble scFv antibodies were purified from extracellular or periplasmic extracts from each selected clone according to the Pharmacia Expression Module manual. Antibodies were assessed for antigen binding by ELISA. Western blotting. Protein extracts from fish samples were separated by SDS-PAGE in 12% or 8% gels and then the polypeptides were transferred to a nitrocellulose membrane. The membrane was blocked with 4% PBSM and then incubated with soluble scFv antibody for 1 h at room temperature (RT). After 5 rinses with PBST and 5 rinses with PBS, the bound antibody was detected with a mouse monoclonal antibody HRP/anti-E Tag conjugate (1:10 000, Amersham Biosciences) for 1 h at RT. Color development was in substrate buffer containing 3, 3-diaminobenzidine (DAB, Amresco).
ELISA. The direct ELISA protocol was based on the method described by Denslow et al. (1999) . Purified ZVtg was used as the standard. The standard Vtg were diluted with PBS (pH 7.2) to 31.25-32 000 ng protein ml -1 . The influence of matrix was tested using plasma samples from non-exposed male zebrafish. The minimal dilution factor needed to avoid the matrix effect is 1/200 (v/v). The plasma samples were diluted in the range 1/200 to 1/5000 (v/v) with PBS (pH 7.2) in Vtg quantification assay. After dilution, samples were pipetted in triplicate into a 96-well microplate (100 µl per well). The plate was coated overnight at 4°C, blocked with 4% PBSM (340 µl per well) for 1 h at 37°C, washed with PBS and incubated with scFv antibody for 1 h at 37°C (100 µl per well). After washing 3 times each with PBST and PBS, the bound scFv antibody was recognized with HRP/Anti-E Tag conjugate (1:10 000). Finally, 3, 3', 5, 5'-tetramethylbenzidine (TMB, Serva) was used for the color reaction with peroxidase and the absorbance at 450 nm (OD 450nm ) was determined.
A linear response was observed in the range 50 to 1600 ng ml -1 purified Vtg standard (y = 0.0009x -0.048, R 2 = 0.9957) and the sensitivity of the ELISA was 50 ng ml -1 (Fig. 2A) . The detection sensitivity of Vtg was defined as the lowest concentration of standard yielding a mean OD 450nm value that was significantly different (Student's t-test; p < 0.01) from that obtained with blank incubations. The upper limit of detection was defined as the maximum standard concentration falling in the linear region of the standard curves. The good parallelism between the dilution curve of plasma samples and the standard curve of purified Vtg demonstrated that this ELISA method can be used to quantify Vtg in plasma (Fig. 2B) . The robustness of the ELISA method was assessed by interand intra-assay variation. Intra-assay variation was 3.5% and it was measured by adding the same internal standard to one microtiter plate 12 times. Inter-assay variation was 2.2% and it was measured by comparing various dilutions of the same internal standard added to 12 different microtiter plates.
Determination of affinity constants. The affinity constants (K aff ) of scFv antibodies to purified Z-Vtg, RVtg or C-Vtg immobilized on a 96-well microplate were estimated as described by Beatty et al. (1987) . 
RESULTS AND DISCUSSION

Selection of specific scFv antibodies against Vtg fragment 28a-VI
Initially, three 6-wk-old female BAL b/c mice were immunized by pET 32a-VI protein with Freund adjuvant. A mouse 32a-VI scFv antibody phage-display library of 6.2 × 10 6 clones was constructed using spleenic poly(A)+ RNA from the immunized mice (data not shown). ScFv antibodies with specificity for the Vtg 32a-VI fragment were selected by subtractive panning, but most of these antibodies were found to be specific for the His-or Sprotein tags rather than the Vtg moiety, perhaps because of the large size (~19 kDa) and high antigenicity of the tags. To reduce this problem, an scFv antibody phage-display library of 1.3 × 10 10 clones was constructed using splenic mRNA from non-immunized mice. This library has no bias to the tag protein of the pET 32a or pET 28a vectors. Meanwhile, the VI sequence was fused with the smaller tag present in pET28a (~8 kDa). The crude fusion tag present in extracts from cells carrying the empty pET-28a vector was used for subtractive panning. After 3 rounds of panning, 58 clones that specifically bound the 28a-VI fusion protein were isolated. Nine of those specifically bound zebrafish Vtg. Six clones with higher affinity were sequenced. Three different clones with distinct V H segments were found (Table 1) .
Binding specificity of scFv antibodies
Three soluble scFv antibodies, B5, E7 and H4 (Table 1 ; GenBank accession numbers FJ792805, FJ792806, FJ792807), were purified from Escherichia coli TG1 cells and used for western blot and ELISA assays. B5 and H4 antibodies recognized the denatured 28a-VI polypeptide in western blotting, while the signal from E7 was faint or absent (Fig. 3A) . This observation suggested that B5 and H4 may have recognized linear epitopes, whereas E7 may have recognized a conformational epitope. Cyprinid fish Vtg protein has 2 subunits, usually of approximately 147 and 170 kDa (Parks et al. 1999 , Fenske et al. 2001 , Fukada et al. 2003 , Zhong et al. 2004 , Ma et al. 2005 , Finn 2007 ). B5 and H4 recognized the 2 denatured Vtg polypeptides from zebrafish, Chinese rare minnow, common carp and crucian carp (Fig. 3B,C) . Other polyclonal and monoclonal antibodies, also specific to Vtg from various cyprinid fish, show similar western blot results to B5 and H4 (Zhong et al. 2004 , Li et al. 2005 , Liao et al. 2006 , Kang et al. 2007 ).
The binding specificities of scFv antibodies B5 and H4 to the purified VI fragment were also determined by ELISA. B5 and H4 specifically recognized 28a-VI with little or no signal from the control extract from cells carrying the empty vector (Fig. 4A) . Each antibody produced similar signals against Vtg purified from zebrafish, Chinese rare minnow, common carp and crucian carp (Fig. 4B,C) . The relative affinity constants (K aff ) for H4 against Vtg from zebrafish, Chinese rare minnow and common carp are shown in Table 2 . Values for H4 against these 3 different Vtg were in the same order of magnitude, which suggested that H4 could measure Vtg in these cyprinid species with similar sensitivities.
ELISA of plasma Vtg after exposure of zebrafish to EE2
Vtg in plasma samples from zebrafish exposed to a range of concentrations of EE2 were assayed by ELISA using either scFv antibody H4 or a rabbit polyclonal antiserum against Vtg for comparison. The use of the rabbit antiserum to quantify Z-Vtg in plasma was described previously (Liao et al. 2006) . A standard curve of ELISA signal versus concentration of purified Z-Vtg was constructed for each antibody (Fig. 5A) . In this assay system, the rabbit antiserum appeared to be more sensitive than H4 in detecting Z-Vtg in terms of threshold levels required to produce a signal above background or required to produce a half-saturation ELISA signal. This may reflect the difference between the polyclonal rabbit serum, which may recognize multiple epitopes, and the monoclonal scFv antibody H4. ELISA signals were determined for dilution series of each plasma sample using H4 or the rabbit antiserum. The curves for sera from fish exposed to the highest concentration of EE2 are illustrated (Fig. 5B) . As was the case for purified Vtg, the rabbit antiserum appeared to detect Vtg in serum more sensitively than H4. Both antibodies showed a low background signal for samples of plasma from control juvenile male fish that had been exposed to DMSO only. The appropriate standard curve was used to estimate the Z-Vtg concentration of each serum sample (Fig. 5C Table 2 . Affinity constants (K aff ) of soluble single-chain variable fragment antibody H4 against vitellogenin (Vtg) from zebrafish (Z-Vtg), Chinese rare minnow (R-Vtg), and common carp (C-Vtg) ously with exposure of fish to increased concentrations of EE2 over the range tested. In contrast, as estimated with the rabbit antiserum, Vtg levels appeared to plateau at and above exposure to EE2 at 16 ng l -1
. The reason for this is not apparent. A similar result was obtained in an independent experiment in which homogenates of whole fish were assayed for Vtg; however, those samples had higher background signals compared to those from serum samples (data not shown).
CONCLUSION
In September 2009, the council of OECD adopted the Guidelines for the Testing of Chemicals 229 (Fish short term reproduction assay) and 230 (21-day fish assay: a short term screening for oestrogenic and androgenic activity, and aromatase inhibition). In the 2 test guidelines, Vtg is one of the 2 major endpoint biomarkers measured after an exposure experiment; the other is secondary sexual characteristics.
Vtg has been used as an exposure biomarker for monitoring estrogen and estrogen mimics in surface effluent and reclaimed water from sewage treatment plants (Sumpter & Jobling 1995 , Li et al. 2005 . Various polyclonal and monoclonal antibodies have been developed for Vtg bioassays for different fish species. But the production of polyclonal and monoclonal antibodies is time-consuming (2 to 8 wk), low yield (e.g. 5 to 10ml ascites from 1 mouse) and requires culture of eukaryotic cells or animal immunization (Kohler & Milstein 1975) . Compared with polyclonal and monoclonal antibodies, scFv antibodies can be developed quickly from phage-display antibody libraries and produced quickly (within 2 d) in large amounts (10 to 100 µg scFv per ml bacterial culture medium in the present study) in bacterial hosts without animal immunization. These advantages make scFv antibodies cheap to produce. Furthermore, because of the correlation between an observed phe- ELISA of serial dilutions of plasma from juvenile male zebrafish exposed to 128 ng l -1 17α-ethynylestradiol (EE2) for 7 d with (j) soluble scFv antibody H4 and (m) rabbit antiserum; ELISA of serial dilutions of plasma from unexposed juvenile male zebrafish with (h) soluble scFv antibody H4 and (n) rabbit antiserum. (C) Determination of Vtg levels in sera from fish exposed to a range of EE2 concentrations. Juvenile zebrafish were exposed to EE2 for 7 d at the indicated concentrations. ELISA were performed with scFv H4 (25.4 µg ml -1 ) or rabbit antiserum (1:10 000). Values are means ± SD (n = 20). *Significant difference from the control at p < 0.05 notype and its encapsulated genotype, scFv antibodies can be easily sequenced and modified by gene and protein engineering. ScFv antibodies have been widely used in variety of applications (Hoogenboom et al. 1998 , Bratkoviã 2010 . ScFv antibodies developed by phage-display technology have not been used previously in Vtg detection. This study succeeded in isolating scFv antibodies that specifically recognized the highly conserved N-terminal fragment (VI) of cyprinid fish Vtg. The scFv antibody H4 can be used in ELISA to measure Vtg in serum samples from common carp, zebrafish and rare minnow with similar binding specificities and sensitivities. We have shown that it can be used as the basis for a simple and inexpensive assay for Vtg detection of exposure to estrogenic chemicals in these species. However, the sensitivity of H4 is 50 ng Vtg ml 
